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Abstract: Models with universal extra dimensions predict that each Standard Model
particle is accompanied by a tower of Kaluza-Klein resonances. Canonical searches for
the production and cascade decays of first Kaluza-Klein modes through missing transverse
momentum signatures suffer in general from low detection efficiencies because of the rather
compressed Kaluza-Klein particle mass spectrum. Here, we instead analyze signatures
from the production of second Kaluza-Klein states which can decay into Standard Model
particles and thus do not result in any missing transverse momentum. Such signatures
provide a strong sensitivity, and are of particular interest as they would allow for a clear
distinction between extra dimensional models and other new physics such as minimal su-
persymmetric models. We constrain the production of second Kaluza-Klein particles from
recent LHC searches for dilepton resonances, and place limits on the compactification scale
R−1 & 715GeV and on the masses of the second Kaluza-Klein particles MKK(2) & 1.4TeV
in the minimal UED model.
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1. Introduction
Models with universal extra dimensions (UED) [1, 2] represent the simplest extra-dimen-
sional extension of the Standard Model with a dark matter candidate and potentially rich
LHC phenomenology.1 All fields are assumed to propagate in a flat space-time M4 ×X,
where X is a compact space. Due to the compactification, the momentum along the extra-
dimension(s) is discretized. In the four-dimensional effective theory, this leads to a tower
of Kaluza-Klein (KK) resonances in the particle spectrum. Each Standard Model particle,
which is identified with the lowest-lying (“zero”) mode, is therefore accompanied by a KK
tower of heavier partners with the same quantum numbers and in particular with the same
spin.
In this article, we focus on the extra dimension X = S1/Z2 with a compactification
radius R, which represents the simplest choice allowing for a standard-model-like zero-
mode spectrum.2 The presence of the boundaries of the S1/Z2 fundamental domain breaks
translational invariance along the extra dimension and thereby leads to the violation of
Kaluza-Klein-number (“KK-number”) in interactions amongst the KK-excitations of the
4D effective theory. Nevertheless, as long as boundary conditions and interactions are
chosen symmetrically at both boundaries, the model still respects a Z2 symmetry (“KK-
parity”). KK-parity guarantees the stability of the lightest KK-excitation (LKP) which
provides the model with a viable dark matter candidate [6, 7].
As an extra-dimensional theory, the 5D UED model is inherently non-renormalizable
and must therefore be considered as an effective theory with a cutoff Λ. At the scale Λ
higher-dimensional operators in the bulk and on the boundaries parameterize our ignorance
about the UV completion of the model. Note that unitarity [8], naive dimensional analysis
[9], and the stability of the Higgs vacuum expectation value [10] imply a low cutoff of
1For earlier proposals of TeV scale extra dimensions c.f. Ref. [3].
2For other compactifications c.f. Refs. [1, 4,5].
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ΛR ∼ O(10), where R−1 is the compactification scale of the extra dimension. In this
paper, we focus on the most commonly studied minimal UED model (MUED) [11], in which
only the 5D extensions of the Standard Model operators are present at the cutoff scale Λ,
while boundary operators and other higher-dimensional bulk operators are assumed to be
vanishing at Λ.3 Under this assumption, the only free parameters of the MUED model
are the compactification scale R−1 and the cutoff scale ΛR, while all other parameters
are fixed by the matching of the zero mode masses and interactions with the Standard
Model particles. In the absence of non-minimal operators, the interactions between KK
modes are KK-number-preserving and equal to the Standard Model couplings, up to loop
corrections. KK-number violating operators are induced at one-loop level [11, 13], while
KK-parity remains an exact symmetry.
The phenomenology of the 5D MUED model has been studied extensively. The cur-
rently strongest lower limit on the compactification scale arises from electroweak precision
tests [14, 15] which yield a bound of R−1 & 750 GeV if the recently discovered boson
with a mass of 125 GeV [16] is a UED Higgs boson [17]. Bounds from FCNCs imply
R−1 & 650 GeV [18]. An upper bound on the compactification scale follows from the relic
density of the dark matter candidate, because a too heavy dark matter candidate implies
early decoupling which leads to over-closure of the universe. However, as has been shown
in Ref. [7], the upper bound of R−1 . 1.6 TeV sensitively depends on the KK mass spec-
trum because both, co-annihilation processes with first KK mode particles, and resonant
annihilation through second KK mode particles may play a crucial role in determining the
relic density.
With the mass scale of the first KK modes being constrained to lie around 1 TeV
from pre-LHC bounds, the MUED model provides an interesting candidate for direct LHC
searches. Considering only the zeroth and first KK level, UED predicts a partner particle
to every Standard Model particle with opposite KK parity and therefore signatures qual-
itatively similar to those of the minimal supersymmetric model (MSSM) [19]. Differences
between MUED and MSSM signatures arise from the difference in the spin of the KK
and MSSM particles, the higher KK production cross section, a rather compressed first
KK mode mass spectrum, and a differing Higgs partner sector. Focussing on MSSM-like
missing /ET signatures, several studies of the discovery- and exclusion-reach of the MUED
model have been performed [20–22]. For the tri-lepton channel, Ref. [15] projects an ex-
clusion reach of R−1 & 1.2 TeV for 20 fb−1 of LHC data at 8 TeV. A more generic analysis
of LHC /ET constraints on models with universal extra dimensions has been presented in
Ref. [23]. Searches for production and cascade decays of first KK mode particles, however,
suffer in general from low detection efficiencies. The rather compressed UED mass spec-
trum implies that the Standard Model particles resulting from the cascade are soft, while
the resulting LKP’s at the end of the decay chain typically have opposite pT so that events
generically have low total pT,miss. Such signatures are therefore hard to distinguish from
Standard Model background with canonical MSSM search cuts, and specific UED-tailored
cuts are required to improve the sensitivity of /ET searches for KK mode particles.
3For studies of non-minimal bulk- or boundary operators, c.f. Refs. [12].
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In this article we instead focus on signatures arising from second KK mode interactions
[5, 21,24]. These signatures are of particular interest because, if detected, they allow for a
clear distinction between UED and the MSSM. In contrast to first KK modes, second KK
modes have even KK parity and can therefore decay into Standard Model particles without
leading to missing energy in the event. Here, we focus on the channel pp→ A(2)/Z(2)+X →
ll¯ + X ′ and constrain the model by comparing the predicted MUED rates to the results
of the Z ′ search in the dilepton channel by CMS [25].4 To calculate the event rates, we
extended the implementation of the MUED model [27] in Feynrules [28] and included the
second KK modes and the corresponding interactions. We also included the KK-number
violating interactions for the second KK gauge boson modes according to [11,22], and took
into account the one-loop radiative corrections for the KK mass spectrum according to [11].
This article is structured as follows. In the next section, we review the main features
of MUED second KK mode particles, their masses and interactions, and discuss the impli-
cations for our search. In particular, we also discuss the different production channels for
Z(2) and A(2) modes and show that the main contribution arises from strong production of
second KK mode quarks and gluons which cascade decay into them. In Sec. 3, we present
the detailed study of the pp→ A(2)/Z(2) +X → ll¯ +X ′ channel and the resulting bounds
on the MUED parameter space. We summarize and conclude in Sec.4.
2. The second KK level of the MUED model
In our implementation, we follow Ref. [22], where the expressions for the one-loop masses
and a list of Feynman rules can be found. In this section we wish to highlight some features
of the mass spectrum and interactions which are relevant for our analysis.
The masses of the nth KK partner of Standard Model gauge bosons G and fermions ψ
are determined from [11]
m2
G(n)
=
( n
R
)2
+ aG
ζ(3)
16pi4
1
R2
+
bG
16pi2
ln
(
Λ2
µ2
)
n2
R2
, (2.1)
mψ(n) =
( n
R
)
+
bψ
16pi2
ln
(
Λ2
µ2
)
n
R
, (2.2)
where R denotes the compactification radius, Λ denotes the cutoff of the theory which
we treat as an input parameter, and µ denotes the renormalization scale. Contributions
from electroweak symmetry breaking are subdominant, such that the mass eigenstates
are to a very good approximation given by the gauge eigenstates of the gauge bosons
G(n),W (n), B(n) and the Dirac fermions Q(n), U (n),D(n), L(n), E(n).5 The coefficients aG
and bG,ψ are collected in Table 1. The first contribution in Eqs. (2.1, 2.2) arises from the
compactification at tree-level, while the second contribution (absent for fermions at one-
loop level) is a KK mode-independent one-loop “bulk” correction. The third term is due to
“brane-localized” corrections related to the orbifolding, which introduce the dependence on
4Searches for second KK mode W (2) and gluons g(2) → tt have been considered in Refs. [24,26] .
5Details of the mass diagonalization for the neutral electroweak gauge bosons and third family quarks
are discussed in Ref. [11] and taken into account in our implementation.
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G(n) W (n) B(n) Q(n) U (n) D(n) L(n) E(n)
a − 3
2
g23 −
5
2
g22 −
39
2
g21 0 0 0 0 0
b 23
2
g23
15
2
g22 −
1
6
g21 3g
2
3 +
27
16
g22 +
1
16
g21 3g
2
3 + g
2
1 3g
2
3 +
1
4
g21
27
16
g22 +
9
16
g21
9
4
g21
Table 1: One-loop induced mass correction parameters in MUED [11]. g3,2,1 denote the SU(3),
SU(2)L and U(1)Y gauge couplings.
Λ/µ, or, when choosing the renormalization scale at the second KK mode mass-scale 2R−1,
the dependence on the dimensionless parameter ΛR. As can be seen, the overall mass scale
of the second KK modes is set by 2R−1 while the relative mass splitting between different
particles at the second KK level is controlled by ln((ΛR)2/4). The heaviest second KKmode
particle is the partner of the gluon and the lightest particle is, to a good approximation,
the partner of the U(1)Y gauge boson.
KK number conserving couplings, which are present already at tree level, are of the
strength of the corresponding Standard Model couplings (in the gauge eigenbasis). KK
number violating (but KK parity preserving) couplings are induced only at the one-loop
level and can be expressed in terms of the boundary contribution coefficients as [11]
L ⊃ −igG
[
bG,2 − 2bψ,2√
2 16pi2
ln
(
Λ2
µ2
)]
ψ
(0)
γµT aP+ψ
(0)Ga(2)µ . (2.3)
Here T a is the generator associated to the gauge group of G and P+ is PR (PL) for fermions
with a right- (left-) handed zero mode. Choosing again µ = 2R−1 as the renormalization
scale, the KK-number violating interaction in Eq. (2.3) is proportional to ln((ΛR)2/4).
In contrast, KK-number violating triple gauge boson vertices like G(0)G(0)G(2) and KK-
number violating interactions like G(0)ψ(0)ψ(2) with one fermion zero and one fermion
two-mode are not induced [11].
This pattern of masses and couplings has an important impact on the production and
the decays of second mode KK particles. For the production of strongly interacting second
KK modes, three main production mechanisms compete (see Figure 1):
(A) KK-number preserving production: The non-resonant KK number-preserving produc-
tion of two second KK modes through quark-quark, quark-gluon, or gluon-gluon par-
ton scattering; this process suffers from phase-space suppression because two heavy
modes are produced.
(B) KK-number violating direct production: Resonant production of a second KK gluon
is one-loop suppressed (because of the KK number violating coupling), and reduced
because of the parton distribution functions, as a qq¯ is required in the initial state.
(C) KK-number violating associated production: A second KK mode quark or gluon can
be produced in association with another zero mode. These non-resonant processes
again are one-loop suppressed because of the KK-number violating coupling.
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Figure 1: Examples of Feynman diagrams for KK-number preserving, KK-number violating direct,
and KK-number violating associated production (from left to right). Q(2) and G(2) represent a
second KK singlet or doublet quark and a second KK gluon mode, respectively.
The production of second KK leptons and electroweak gauge bosons dominantly occurs
due to cascade decays of the strongly produced second KK mode(s), as well as – in the case
of gauge boson production – direct s-channel production analogous to type (B) production.
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Figure 2: 8 TeV LHC production cross sections for second KK quark and gluon modes from KK-
number preserving, KK-number violating direct, and KK-number violating associated production
with ΛR = 20. For comparison we also show the cross section for the direct production of A(2) and
Z(2). The CTEQ6L paton distribution functions [29] have been adopted and the renormalization
and factorization scales have been set to µ = 2R−1.
Figure 2 shows the LHC 8 TeV production cross sections for second KK modes through
the different production mechanisms as a function of R−1 with the cutoff scale set to
ΛR = 20. At small R−1 second KK mode quarks and gluons are mostly produced by KK-
number preserving interactions (A). At large R−1, strongly coupled second KK modes are
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dominantly produced via KK-mode violating direct (B) and associated (C) channels. The
direct production of A(2) and Z(2) is suppressed because it arises from U(1)Y and SU(2)
gauge interactions. For smaller ΛR, the KK-number preserving channels are enhanced,
because the second KKmode masses are reduced (c.f. Eq. (2.1)). The KK-number violating
channels are reduced because of the smaller KK-number violating coupling Eq. (2.3).
The decay of second KK modes can proceed through KK-number conserving interac-
tions into one second and one zero mode or into two first KK modes, as well as through
KK-number violating decays into two zero modes, see Ref. [21] for a detailed discussion.
The decay patterns and features most relevant to our study are:
• second KK mode gluons G(2) have a considerable branching fraction (∼ 40%) into
second KK mode SU(2) doublet and singlet quarks Q(2) and U (2)/D(2),
• second KK mode SU(2) singlet quarks have a branching fraction of ∼ 50% into A(2),
• second KK mode SU(2) doublet quarks have a branching fraction of ∼ 20% into Z(2).
The decays of second KK quarks into A(2) or Z(2) may then lead to dilepton resonances
as shown in Figure 3. The branching fractions of the A(2) and Z(2) into e+e− are ∼ 0.5%
with the same branching fractions into µ+µ−.
◗
✭✷✮
❧
✰
❩
✭✷✮
❂❆
✭✷✮
❥
❧
 
Figure 3: Generic decay of a second KK mode quark into a jet and two leptons.
3. Signal simulation and dilepton resonance limits
3.1 CMS limits in dilepton searches
The CMS exclusion limit on new resonances in the dilepton spectrum [25] is expressed in
terms of the parameter
R = σ
w/o C
Z′
σw/o CZ
=
σ (pp→ Z ′ +X → ll +X)
σ (pp→ Z +X → ll +X) . (3.1)
The cross section σ w/o CZ′/Z is the theoretical cross section without any cuts. It is obtained
from data by using a Monte-Carlo acceptance factor. We have checked that the acceptance
factor for the various contributions to the MUED signal (direct, associated, and KK-number
conserving) differs by less then 5% from the acceptance factor for a standard sequential Z ′.
In the following simulation, we therefore determine the signal cross sections without cuts,
since the acceptance is already incorporated in the exclusion limits through the parameter
R. We use the computer program FEWZ3 [30, 31] for the calculation of the NNLO Z
cross section σ (pp→ Z +X → ll +X) needed in the denominator of the R parameter of
Eq. (3.1).
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ΛR 5 10 20 50
R−1/[ GeV] 720 730 715 755
Table 2: 95% C.L. lower bounds on R−1 for different cutoff parameters ΛR.
3.2 Simulation and results
As discussed in the previous sections, we have extended the implementation of MUED in
Feynrules [27,28] by including the second KK mode particles with masses and interactions
as outlined in Refs. [11,22]. We use Madgraph5 [32] with the CTEQ6L parton distribution
functions [29] for the simulation of the various processes at leading-order. The theoretical
uncertainty on the production cross section is estimated by varying the renormalization and
factorization scales by a factor of two around the central value µ = 2R−1. The exclusions
presented below are conservatively based on the lower value of the cross section prediction.
We calculate the masses and decay widths of the particles according to Ref. [11].
MUED predicts two resonances in the ll invariant mass spectrum, coming from the
(lighter) A(2) and the (heavier) Z(2) decays. The A(2) resonance in the llX final state is
higher by a factor ≈ 1.6, which is mostly due to the larger branching ratio of U (2)/D(2)
decaying into A(2) as compared to the branching ratio of Q(2) decaying into Z(2). The-
oretically these two resonances are separable as their widths are smaller than their mass
difference.6 However, the bin size used in the CMS analysis [25] for the resonance scale
relevant here (≈ 1 TeV) is larger than the mass difference mZ(2) −mA(2) . To combine the
effect of two nearby peaks is non-trivial because CMS uses shape variables in their analy-
sis. Therefore we conservatively only include leptons from an A(2) resonance as our signal
cross-section σw/o CZ′ .
Figure 4 shows our results for the cross-section ratioR defined in Eq. (3.1) as a function
of the resonance mass MRes ≡ mA(2) for MUED with ΛR = {5, 10, 20, 50}, together with
the CMS bound. The corresponding bounds on the compactification scale R−1 are listed
in Table 2.7 As can be seen, the bounds show a mild, non-monotonic dependence on the
cutoff scale ΛR, which arises from the relative weight of different production channels. For
low ΛR, KK-number conserving interactions are enhanced because the strongly coupling
second KK resonances are lighter. For example, for ΛR = 5 they yield the dominant
contribution to A(2) production up to a resonance mass of MRes ≈ 1.5 TeV. For high
ΛR, the KK-number violating interactions are enhanced. With ΛR = 50, they dominate
over the KK-number conserving production of A(2) modes already at a resonance mass of
approximately 1TeV.
4. Summary and conclusion
Models with universal extra dimensions (UED) represent the simplest extra-dimensional
6This also excludes (negative) interference effects, which however in UED have been shown to be highly
suppressed anyway (c.f. Ref. [33]).
7For ΛR =20, the lower bound on R−1 is 715 GeV, with a small window of 655 GeV < R−1 < 660 GeV
being only marginally excluded.
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Figure 4: The ratio R defined in Eq. (3.1) for benchmark points ΛR = 5, 10, 20, 50, as a function
of the resonance mass MRes ≡ mA(2) .
extension of the Standard Model. They predict a tower of Kaluza-Klein resonances, the
lightest of which is weakly interacting and stable and thus a viable dark matter candidate.
Here we consider a minimal UED model with one extra dimension X = S1/Z2 with a com-
pactification radius R. Indirect constraints on R from electroweak precision tests and the
dark matter relic density favour a mass scale of the first Kaluza-Klein modes of O(1TeV).
UED models can thus be directly probed at the LHC, either through signatures with miss-
ing transverse momentum, or through searches for resonances near the TeV scale. Since
the mass spectrum of the Kaluza-Klein resonances is rather compressed, searches based on
missing transverse momentum signatures suffer in general from low detection efficiencies.
Here we investigate the search for the production of second Kaluza-Klein modes through
resonant decays into Standard Model particles. Such signatures are of particular interest as
they would allow for a clear distinction between UED and minimal supersymmetric mod-
els. Specifically, we consider the signature pp → A(2)/Z(2) + X → ll¯ +X ′, where second
Kaluza-Klein electroweak gauge bosons decay into electron or muon pairs, and constrain
the model by comparing the predicted minimal UED signal rates to the results of a recent
CMS search for dilepton resonances in the 8TeV run with 20.6 fb−1 integrated luminosity
for dimuons and 19.6 fb−1 for dielectrons. In the absence of any signal we place limits on
the compactification scale R−1 & 715GeV and on the masses of the second Kaluza-Klein
particles MKK(2) & 1.4TeV.
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Note added: The UED constraints in this article are based on the CMS search for
dilepton resonances [25]. After submission of this article, ATLAS made its search for high-
mass dilepton resonances public [34]. We adopted and re-ran our analysis using the ATLAS
constraints, and found marginally weaker constraints on minimal UED as compared to the
constraints presented here.
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